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A B S T R A C T   
Cattle manure and poultry litter are widely used as fertilizers as they are excellent sources of nutrients; however, 
potential adverse environmental effects exist during land applications, due to the release of zoonotic bacteria and 
antimicrobial resistance (AMR) genes. This study was conducted to understand linkages between physiochemical 
composition, bacterial diversity, and AMR gene presence of cattle manure and poultry litter using quantitative 
polymerase chain reaction to enumerate four AMR genes (ermB, sulI, intlI, and blactx-m-32), Illumina sequencing of 
the 16 S region, and analysis of physical and chemical properties. Principal coordinate analysis of Bray–Curtis 
distance revealed distinct bacterial community structures between the two manure sources. Greater alpha di-
versity occurred in cattle manure compared to poultry litter (P < 0.05). Redundancy analysis showed a strong 
relationship between manure physiochemical and composition and bacterial abundance, with positive re-
lationships occurring among electrical conductivity and carbon/nitrogen, and negative associations for total 
solids and soluble fractions of heavy metals. Cattle manure exhibited greater abundance of macrolide (ermB) and 
sulfonamide (sulI) resistant genes. Consequently, fresh cattle manure applications may result in greater potential 
spread of AMR genes to the soil-water environment (relative to poultry litter) and novel best management 
strategies (such as composting) may reduce the release of AMR genes to the soil-water environment.   
1. Introduction 
Manure land applications may pose environmental health risks, 
despite its role in improving soil fertility and organic matter, by serving 
as a pathway for the release of zoonotic bacteria and antibiotic resis-
tance genes (ARGs) to the environment (Gurmessa et al., 2020; Xie et al., 
2018; Ziemer et al., 2010). However, there is lack of knowledge on the 
link between manure properties and microbial composition and the 
abundance of ARGs. Disparities in manure physiochemical properties, 
such as moisture content, pH, carbon to nitrogen (C/N) ratio, and 
nutrient composition (Zhou and Yao, 2020) may affect microbial 
composition and abundance (Xu et al., 2020). Trace element levels are 
also reportedly linked to bacterial community structure and ARGs, 
although specific relationships are largely unknown (Ding et al., 2017). 
Animal manure is generally characterized as having high nitrogen 
(N), phosphorus (P), and potassium (K) contents (Zhou and Yao, 2020). 
Specifically, 310 mg kg− 1 P (on dry matter basis) was reported for cattle 
manure (Giles and Cade-Menun, 2014), with approximately 1500 mg 
kg− 1 P being reported for poultry litter (consists of a combination of 
bedding material, feces, and litter) (Ashworth et al., 2020). Manure pH 
also varies depending on the manure type. A neutral to sub-alkaline pH 
range (6.8–7.9) has been reported for cattle manure (Huang et al., 2017; 
Whalen et al., 2000), whereas an average pH of 8.12 is typical for 
poultry litter (Ashworth et al., 2020). However, it is unknown how 
physiochemical properties are related with microbial abundance. 
Previous studies have reported a wide range of antimicrobial resis-
tant (AMR) genes in manure and the most widely studied were genes 
resistant to tetracyclines (tet), sulfonamides (sul), macrolides- 
streptogramin B (erm), mobile genetic elements (MGEs), and integrons 
(int) (Gurmessa et al., 2020). However, these resistance genes may not 
be found in all manure sources. A detailed investigation of AMR in three 
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manure sources (bovine, poultry, and swine) by Qian et al. (2018) 
revealed that about one-third of the 109 commonly found AMR genes 
were identified in cattle manure and poultry litter. In our experiment, 
the set of targets was chosen to cover clinically, environmentally, and 
agriculturally relevant antibiotic resistance determinants. The specific 
targets were chosen by a panel of scientists working on antibiotic 
resistance in agriculture, and they aligned with an environmental anti-
biotic resistance gene surveillance effort in Europe (Durso et al., 2012; 
Durso and Cook, 2014). The blaCTX-M gene codes for third-generation 
cephalosporin resistance, one type of β-lactamase resistant drug. The 
ermB gene codes for resistance to macrolide drugs, such as erythromycin. 
The sul1 gene codes for sulfonamide-resistance and is one of the most 
commonly studied resistance genes in environmental samples. Finally, 
the intl1 gene codes for an integron-integrase gene that helps AR genes 
spread from cell to cell. These drugs are classified as “Critically Impor-
tant” (the top category) by the World Health Organization and used in 
large and small animals, and is approved for use in cattle, swine, and 
poultry, and is administered to food animals via food and water (Durso 
et al., 2012; Durso and Cook, 2014). 
Reduction of AMR genes in manure is essential to minimize the 
transfer and movement to the environment following land application. 
Although, it is largely unknown how microbial diversity and abundance 
of AMR genes vary based on manure source (fresh cattle manure and 
poultry litter) that are typically applied to pasture soils to improve 
fertility (Yang et al., 2019). In the study region, typical poultry litter 
handling procedures include aerating in-house windrows to increase the 
temperature and kill pathogens before land application, whereas cattle 
manure is deposited directly to pastures during grazing. Therefore, un-
derstanding the bacterial diversity and abundance of ARGs based on 
local practices and their possible linkage with physiochemical compo-
sition may assist in developing manure best management strategies. 
It is important to evaluate microbial composition, diversity, and 
abundance along with AMR genes to employ a subsequent management 
approach that can be effective against reducing the transmission of AMR 
genes to the environment and improving soil health. However, data are 
lacking on the linkages between physiochemical properties, manure 
source, and bacterial diversity (Wang et al., 2016). Hence, the current 
study aimed at 1) investigating the abundance of bacterial community 
composition in cattle manure and poultry litter prior to land application 
via Illumina sequencing, 2) quantifying four AMR-associated genes in 
cattle manure and poultry litter via quantitative polymerase chain re-
action (qPCR), and 3) identifying linkages between bacterial alpha di-
versity and physiochemical properties for two manure sources. 
2. Materials and methods 
2.1. Cattle manure and poultry litter sampling 
In the spring of 2018 and 2019, 1–2 kg of poultry litter samples were 
collected from in-house piles gathered from a local typical broiler pro-
duction system in Booneville, AR (n = 6 per year, n = 12 total). Samples 
were collected from the center of in-house piles following 5–6 flocks 
(stored for up to four months), with bedding material, ventilation, and 
growth out days being representative of typical regional grower condi-
tions (Ashworth et al., 2020). Following, typical cattle manure land 
application methods, fresh cattle (Angus crosses) manure was sampled 
at the United States Department of Agriculture, Agricultural Research 
Service, Dale Bumpers Small Farms Research Center (Pilon et al., 2019) 
during a grazing experiment (Yang et al., 2020) by collecting 1–2 kg of 
cattle manure following fresh deposition (within 24 h; n = 7 per year, n 
= 14 total) in the spring of 2018 and 2019 and represents regional 
pasture management procedures. Care was taken not to contaminate 
samples by sterilizing sampling equipment with 70% ethanol, placed in 
a cooler for transport, and stored at − 80 ◦C until DNA extraction. 
3. Manure chemical analysis 
Samples were analyzed for moisture content, pH, EC, soluble metals, 
ammonium-N (NH4–N), nitric-N (NO3–N), and total C and N (TC and 
TN). Moisture content was determined by oven drying a subsample at 
65 ◦C for 1 week, and total solids (TS) content was determined as the 
percentage fraction of dry mass to fresh sample. Water soluble metals 
were extracted on fresh aliquots using a 1:10 solid:liquid extraction ratio 
(Self-Davis and Moore, 2000). A subsample of the water extract was used 
to measure pH and EC. NH4–N and NO3–N were extracted on fresh ali-
quots by KCl 1 M solution using a 1:10 solid:liquid extraction ratio 
(Self-Davis and Moore, 2000). Soluble metals in the water extracts were 
analyzed by inductively coupled plasma optical emission spectroscopy 
(ICP-OES) on an Agilent 5110 ICP-OES (Agilent Technologies, Santa 
Clara, CA, USA). Both NH4–N and NO3–N were obtained colorimetri-
cally on a Skalar auto-analyzer (Skalar, Buford, GA, USA), using the 
salicylate-nitroprusside USEPA Method 351.2 (1983) for NH4–N and the 
cadmium-reduction method according to APHA (1995) for NO3–N. Total 
metals were determined by digesting oven-dried, ground litter samples 
with 70% nitric acid and 30% hydrogen peroxide according to the 
method by Zarcinas et al. (1987) followed by ICP-OES analysis. Total C 
and N were determined by dry combustion Elementar Vario Max 
Analyzer (Elementar Americas, Ronkonkoma, NY, USA). 
3.1. DNA extraction, PCR amplification, and sequencing 
DNA was extracted from manure and litter using the extraction kit 
MpBio FastDNA Spin Kit for Soil (MpBio Laboratories, SKU 116560200- 
CF) according to the manufacturer’s directions. Extracted DNA was 
quantified using Quant-ItTM PicoGreen® (Invitrogen) dsDNA quanti-
tation assay and stored at 20 ◦C. Samples were dried at 70 ◦C for 48 h to 
determine gravimetric moisture content, which was used to present data 
per gram dry weight. 
Bacterial community composition was determined using Illumina 
Miseq sequencing of 16 S rRNA gene amplicons. Extracted DNA was sent 
to the University of Tennessee Genomic Services Laboratory, where the 
V4 region of the 16 S rRNA gene was amplified with barcoded primers 
515 F and 806 R (Caporaso et al., 2011). Amplicon libraries were pooled, 
and 291 base-paired end sequences were obtained on the Illumina MiSeq 
Platform, resulting in a total of 2,136,829 sequence reads. Reads were 
processed using the open source bioinformatics software Mothur V 
1.40.0 following the Miseq protocol (Kozich et al., 2013). Sequences that 
did not match the primers were eliminated from demultiplexed 
sequence reads. These ambiguous base sequences with a length less than 
100 bp were deleted and chimeric sequences were removed using the 
Abbreviations 
AMR antimicrobial resistance 
ARGs antibiotic resistance genes 
CM cattle manure 
LOQ limit of quantification 
MGEs mobile genetic elements 
PL poultry litter 
qPCR quantitative polymerase chain reaction 
TS total solids 
EC electrical conductivity 
C/N carbon/nitrogen 
ermB erythromycin resistance gene 
sulI sulfonamide resistance gene 
intlI integrase gene 
and blactx-m-32 β-Lactams resistance gene 
Ct cycle threshold  
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UCHIME algorithm implemented in Mothur. After the quality control 
pipeline, 1,677,430 sequence reads remained using a 97% similarity 
threshold to define ribotypes in Mothur (21.49% were deleted). Taxo-
nomic assignment was performed using the Greengenes database. Mi-
crobial alpha diversity including Chao1, observed operational 
taxonomic unit (OTU), Shannon index, and Simpson index were calcu-
lated using Mothur. Beta-diversity was measured by using Bray-Curtis 
index, weighted and unweighted UniFrac distance metrics. Principal 
coordinate analysis (PCoA) plots were generated based on weighted and 
unweighted UniFrac distance metrics. Bacterial community structure 
was quantified in a matrix of Bray-Curtis similarities, which was then 
analyzed in a permutational analysis of variance (PERMANOVA) to 
compare bacterial communities at the phylum level in PRIMER-E. 
Quantitative -PCR was performed to quantify these four AMR genes 
in the DNA extracts from cattle manure and poultry litter samples. 
Amplifications were performed in a QuantStudio™ 3 Real-Time PCR 
system (ThermoFisher Scientific, Cat. A28137). Each 20 μL Q-PCR re-
action included 5 μL of extracted DNA (approximately 100 ng) or 
standard, 10 μL of SYBR Green PCR Master Mix, 1 μL of 100 mM of each 
primer and 3 μL of distilled water. The positive control (named gBlock2 
4G with 16 S ermB Florez 1-18-17) is an 808bp double stranded synthetic 
Table 1 
Physiochemical properties of cattle manure and poultry litter. Numbers in pa-
rentheses represent the standard deviations.  
Variable CMǂ, Na = 12 PL∕=, Na = 14 p-valueb 
pH 7.95 (0.25) 8.33 (0.12) <0.001 
Total N (%) 3.14 (0.70) 4.23 (0.44) <0.001 
Total C (%) 47.0 (4.5) 36.7 (3.5) <0.001 
C/N 15.4 (2.5) 8.7 (0.4) <0.001 
TS (%)¥ 14 (2) 76 (7) <0.001 
EC (dS m− 1) 940 (114) 11 (2) <0.001 
Mo (mg kg− 1) <LOQ 2.00 (1.39) <0.001 
Mn (mg kg− 1) 9 (5) 21 (4) <0.001 
Se (mg kg− 1) <LOQ 0.33 (0.15) <0.001 
Ti (mg kg− 1) <LOQ) 0.38 (0.25) <0.001 
Zn (mg kg− 1) 10 (4) 70 (19) <0.001 
Ni (mg kg− 1) 1.52 (0.41) 5.00 (1.19) <0.001 
Pb (mg kg− 1) <LOQ 0.035 (0.025) <0.001 
As (mg kg− 1) <LOQ 0.49 (0.25) <0.001 
Cd (mg kg− 1) <LOQ 0.047 (0.020) <0.001 
Co (mg kg− 1) <LOQ 0.59 (0.15) <0.001 
Cr (mg kg− 1) 0.50 (0.67) 0.28 (0.10) 0.5 
Cu (mg kg− 1) 3 (1) 64 (41) <0.001 
Fe (mg kg− 1) 20 (9) 83 (42) <0.001 
K (g kg− 1) 6 (3) 33 (8) <0.001 
Ca (g kg− 1) 1.91 (0.97) 2.06 (1.7) 0.7 
Mg (g kg− 1) 2.38 (0.93) 0.39 (0.23) <0.001 
P (g kg− 1) 1.77 (0.91) 1.40 (0.73) 0.2 
S (g kg− 1) 0.67 (35) 16 (7.6) <0.001 
NH4–N (g kg− 1) 0.76 (0.4) 5 (0) <0.001 
NO3–N (mg kg− 1) <LOQ 449 (256) <0.001 
ǂCM = Cattle manure, PL∕= = poultry litter, TS¥ = total solids.<LOQ = below 
quantification limit. 
Nutrients and trace elements concentrations are soluble fractions expressed on a 
dry matter basis. 
a N = number of replicates. 
b Statistical tests performed: Fisher’s exact test; Wilcoxon rank-sum test. 
Fig. 1. Relative abundance of bacteria in cattle manure (CM) and poultry litter (PL) at phylum (A) and genus (B) levels.  
Table 2 
PERMANOVA for bacterial community structure of cattle manure and poultry 
litter.  
Factor Pseudo-F P-value 
Animal source 31.539 <0.001b 
Year 8.26 0.019a 
Animal source x Year 0.54 0.437  
a Statistically significant (α = 0.05). 
b Statistically significant (α = 0.01). 
Fig. 2. Comparison of bacterial diversity indices of cattle manure (CM) and 
poultry litter (PL). A) Chao1, B) Simpson, and C) Shannon. Different letters 
reported on the bars indicate significant difference (P < 0.001). 
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gBlocks® gene fragment synthesized by Integrated DNA technologies, 
lnc. (Blazejewski et al., 2019). It contains four genes of ermB, sulI, intlI, 
and blactx-m-32. The standard curves consisted of a serial dilution of 
known copy numbers of the gene fragment, ranging from 1.15 × 105 to 
1.15 × 1011 copies per 5 μl. The quantities of gene copy numbers were 
calculated based on the standard curve using Quant Studio 3 real-time 
PCR system. (ThermoFisher Scientific). As a negative control, all sets 
of primers were tested with sterile water as the template and all of them 
were below the threshold. Each reaction was technically replicated three 
times per extracted sample DNA and standard DNA, resulting in an 
average cycle threshold (Ct) value used to estimate the initial quantity. 
The following cycling conditions were used: an initial denaturation step 
of 15 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at 
annealing temperature specific for each gene, and 10 s at 72 ◦C followed 
by 60–95 ◦C of melting curve. 
The amplification efficiency was between 92% and 105%, and the R2 
value was above 0.98. Baseline and threshold calculations were per-
formed using QuantStudio® Design & Analysis software. Gene copy 
abundances were normalized per volume of water. The quantities of 
gene copy numbers were then determined using standard curves. Gene 
copy abundances were normalized per gram dry weight of cattle manure 
or poultry litter after measuring the moisture content of each sample. 
Finally, the gene copy numbers per gram dry weight were transformed 
into log10 values for statistical analysis as they were not normally 
distributed. 
4. Statistical analysis 
To detect significant differences for fixed effects (manure source and 
year) on microbial diversity, richness, and evenness, an analysis of 
variance (ANOVA) was conducted on log transformed data using JMP 
software [JMP®12 (SAS Institute Inc, 2015)] with sample replicate as a 
random effect. Probability values less than 0.05 were considered sig-
nificant. For the contents of nutrients, trace elements, and chemical 
properties [pH and electrical conductivity (EC)], Fisher’s exact test 
followed by Wilcoxon rank-sum test were performed using gtsummary 
package (Sjoberg et al., 2020) in R for Windows, v. 4.0.1 (R Core Team, 
2020). Redundancy analysis (RDA) was also conducted to understand 
the relationship between bacterial diversity indices (Chao1, Simpson, 
and Shannon) and chemical properties (pH, EC, C, N, and major nutri-
ents and trace elements) using the vegan package (Oksanen et al., 2019) 
in R for Windows, v. 4.0.1 (R Core Team, 2020). Except pH, all the other 
property variables were log transformed; whereas response variables 
(Chao1, Simpson, and Shannon indices) were Hellinger transformed, 
and RDA analysis was run and plotted. To predict bacterial diversity 
using those environmental variables (physicochemical properties) that 
contributed for variability in the RDA analysis, linear regression analysis 
was performed using the ggpubr package (Kassambara, 2020) in R for 
Windows v. 4.0.1 (R Core Team, 2020). 
5. Results and discussions 
5.1. Physiochemical properties of cattle manure and poultry litter as a 
fertility source 
Cattle manure samples had lower total solids (TS), trace elements 
concentration, and pH, but greater EC and C/N ratio compared to 
poultry litter (Table 1). These results are consistent with previous 
studies reporting that the N content of poultry litter is typically greater 
than that of cattle manure (Huang et al., 2017). Moreover, the greater TS 
of poultry litter is likely owing to the use of bedding material during 
production, which is commonly wood shavings and sawdust (Ashworth 
et al., 2020). In terms of nutrient composition, poultry litter had greater 
NH4–N, NO3–N, S, P, Mg, Ca, and K compared to cattle manure. 
In a comparative study, Zhang et al. (2012) also found lower con-
centrations of trace elements in cattle manure relative to poultry litter. 
In contrast to the current findings, high amounts (about 1 g kg− 1) of Zn 
and Cu were reported for cattle manure (Xu et al., 2019). The feed 
source is predominantly the major determinant for the concentration of 
nutrients and trace elements in poultry litter and cattle manure (Pagliari 
et al., 2020; Sager, 2007; Zhang et al., 2012; S1), although the use of 
pharmaceutical products can also be a source (Sheppard and Sanipelli, 
2012; S2). Nevertheless, trace elements content of poultry litter, even in 
total basis (S1), was far below the concentration limit for the USA 
(Mortvedt, 1995). However, to reduce possible environmental risks, 
alternative feed sources could be formulated to minimize the level of 
heavy metals in manure. 
5.2. Bacterial community composition in cattle manure and poultry litter 
Bacterial community composition varied at both phyla and genera 
levels in cattle manure and poultry litter (Fig. 1A and B). The following 
top ten phyla (based on relative abundance) dominated cattle manure 
bacterial communities: Firmicutes (44.71%), Bacteroidetes (40.97%), 
Bacteria (5.28%), Actinobacteria (2.47%), Proteobacteria (2.13%), 
Verrucomicrobia (1.35%), Tenericutes (1.35%), Cyanobacteria (0.76%), 
Spirochaetes (0.54%), and Planctomycetes (0.44%) (Fig. 1A). Whereas, 
based on the relative abundance, eight phyla were dominant in poultry 
litter: Firmicutes (54.83%), Actinobacteria (33.00%), Bacteriodetes 
(6.86%), Proteobacteria (2.90%), Bacteria (1.52%), Thermi (0.44%), 
Chloroflexi (0.31%), and Tenericutes (0.06%). Bacterial community 
structure differed between cattle manure and poultry litter (P < 0.05). 
The three most abundant phyla constituted approximately 91 and 
95% of the overall bacterial community composition in cattle manure 
and poultry litter, respectively. In particular, Firmicutes dominated 
microbial composition in both manure sources. Awasthi et al. (2019), 
Pandey et al. (2018), and Wang et al. (2020) reported similar findings, 
suggesting Firmicutes are the dominant microorganisms in manure, 
regardless of the source. According to Zhang et al. (2018), Firmicutes 
such as Bacillus and Lentibacillus were dominant in poultry litter and 
include known pathogens and may reach the soil ecosystems following 
direct application of cattle manure or poultry litter. Several zoonotic 
bacteria species including Campylobacter jejuni, Escherichia coli, and 
Listeria monocytogenes have also been detected in fresh cattle manure 
(Klein et al., 2010). 
Bacteroidetes inhabit the environment and gastrointestinal tract 
(Thomas et al., 2011). They are also found in fresh water and soils and 
are known to have a functional role in degrading soluble poly-
saccharides and organic substances of high molecular weight (Naas 
et al., 2014; Thomas et al., 2011). Because of their importance in 
Fig. 3. Principal Coordinate Analysis (PCoA) of Bray–Curtis distances of bac-
terial community structure in cattle manure (CM) and poultry litter (PL). 
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depolymerizing or degrading organic substances, their abundance in 
ecosystems might enhance the rate of organic matter turnover that could 
lead to enhanced CO2 emissions. Moreover, some species of the phyla 
Myroides, ordoratimimus, and Sphingobacterium spp. are clinically 
important human pathogens that may also be resistant to antimicrobials 
(Yang et al., 2014). Given that fresh cattle manure had a higher pro-
portion of Bacteroidetes, its land applications could pose greater envi-
ronmental risks than poultry litter. 
5.3. Differences in bacterial community structure and its implication on 
soil microbial structure 
Source of manure affected bacterial structure as evidenced by Chao1, 
Simpson, and Shannon diversity indices (Table 2). Cattle manure 
exhibited greater bacterial diversity than poultry litter (Fig. 2). Analysis 
of beta diversity also demonstrated distinct clustering differences be-
tween cattle manure and poultry litter (Fig. 3). The fact that poultry 
litter is a mixture of poultry manure and bedding (Ashworth et al., 
2020), likely influences the physiochemical characteristics of poultry 
litter that, in turn, affects the bacterial community structure. 
Studies comparing microbial structure of manure sources are limited. 
The current study found a lower alpha bacterial diversity in poultry litter 
relative to cattle manure. Possible reasons for the lower alpha diversity 
might be linked to the higher TS content of poultry litter (76%), (Schi-
mel et al., 1999; Zealand et al., 2018), lower organic C content (Van 
Horn et al., 2014), and higher soluble trace elements (Tipayno et al., 
2018). 
5.4. RDA of bacterial diversity constrained by trace elements and 
physiochemical properties of cattle manure and poultry litter 
A comprehensive assessment of physiochemical composition of 
manure, which included TS, pH, EC, soluble trace elements, and mac-
ronutrients, revealed differences between cattle manure and poultry 
litter. The RDA analysis illustrated these variables predicted bacterial 
alpha diversity (P < 0.001) with pH, TS, EC, and C/N ratio explaining 
74% of the total variation (Fig. 4A). Soluble fractions of available nu-
trients such as K, P, NH4–N, and S, accounted for 83% of the total 
variation (Fig. 4B). Moreover, trace elements, mainly As, Ti, and Pb, 
accounted for 90% of the total variation (Fig. 4C). In addition to the RDA 
Fig. 4. Redundancy analysis (RDA) of bacterial diversity indices (Chao1, Shannon and Simpson) with physical and chemical properties of cattle manure (CM) and 
poultry litter (PL) [A: physical and chemical properties (pH, EC, C/N ratio, and TS); B: soluble fractions of major nutrients; C: soluble fraction of trace elements; D: 
co-occurrence of soluble heavy metals and their correlation with pH, C/N ratio, EC, and soluble fraction of nutrients]. Except the blank boxes in the correlation plot, 
all correlations are significant (P < 0.05). 
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results, the correlation analysis showed a strong positive relationship 
between alpha diversity, C/N ratio, and EC (Fig. 5 and Fig. S1). How-
ever, TS, pH, trace elements and NH4–N were negatively correlated with 
diversity indices. 
This study provides insights into the relationships between physi-
ochemical properties and bacterial community structure of manure 
sources. The cattle manure bacterial community may have benefited 
from a higher C/N ratio, lower TS (14%), higher EC (940 dS m− 1) and a 
slightly alkaline pH. A similar positive correlation between C/N ratio 
and bacteria diversity was also reported by Ge et al. (2010). The C/N 
ratio has been widely used as an index of stability or maturity of organic 
residue during composting, as C substrate having a C/N ratio of 16 or 
larger is not stable for supporting the growth of microorganisms 
(Macias-Corral et al., 2019). The EC and pH have been widely reported 
to affect microbial diversity (e.g., Geyer et al., 2013; Ye et al., 2016), 
with greater EC values in manure indicating nutrient mobility or 
availability to microbes. Thus, reducing EC could be a strategy to sup-
press pathogens in cattle manure (Kong et al., 2012). Trace elements can 
be stimulatory or inhibitory for microorganisms depending on the type 
Fig. 5. Linear regression models to predict bacterial diversity (Shannon index as a response variable) using manure physicochemical properties (explanatory var-
iables). Quantities of the chemical contents are on dry matter basis, and the unit for Ca, Fe, K, P and S is g kg-1; whereas that of NH4-N and the rest of trace elements is 
in mg kg-1. The r stands for correlation coefficient.. 
Table 3 
ANOVA of results testing for differences in quantities of three AMR associated 
genes by animal source (cattle manure and poultry litter), sampling year (2018 
and 2019), and interaction between these two factors.  
Parameter Factor Pseudo-F P-value 
ermB Animal source 32.58854 3.23E-05b  
Year 0.280069 0.603921  
Animal source x Year 8.065261 0.010121a 
sulI Animal source 48.14529 3.34E-06b  
Year 1.115031 0.306675  
Animal source x Year 3.590204 0.072671 
intlI Animal source 25.34924 0.000122b  
Year 0.499597 0.489844  
Animal source x Year 0.001061 0.974335  
a Statistically significant (α = 0.05). 
b Statistically significant (α = 0.01). 
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and concentration level. The strong negative correlations between sol-
uble trace element concentrations and bacterial diversity indices 
observed in this study may reveal an inhibitory functional role in poultry 
litter. However, this may be confounded by other factors since the total 
concentration of heavy metal was too low (Table S1) to be inhibitory or 
stimulatory (Ding et al., 2017; Mortvedt, 1995) to microorganisms. 
Moisture is also crucial for microorganisms and inadequate moisture 
content limits microbial diversity (Maestre et al., 2015). This could also 
be the case in this study as poultry litter had lower moisture content 
(higher TS content), which may have resulted in lower bacterial di-
versity compared to cattle manure. 
5.5. Abundance of AMR genes in cattle manure and poultry litter 
The two-year sampling resulted in AMR gene abundance differences 
in both cattle manure and poultry litter, with variations in sampling year 
and source of manure (P < 0.05, Table 3). Abundance of the two AMR 
genes (ermB and sulI) and the integron intlI were greater in cattle manure 
in both 2018 and 2019, while they were rarely found in poultry litter 
samples during 2018 (Fig. 6). The relatively greater abundance of AMR 
genes of ermB and intlI in cattle manure compared to poultry litter 
corresponded to higher alpha diversity of the bacterial community. 
Overall, blactx-m-32 was analyzed but not detected in either manure 
sources and consequently is not included in subsequent analyses. 
The greater abundance of AMR genes in cattle manure compared to 
poultry litter was not expected. In a study by Xu et al. (2020), more than 
two fold greater AMR genes were found in poultry manure compared to 
cattle manure. However, it must be noted that poultry manure rather 
than poultry litter (chicken manure and the bedding) was evaluated in 
the study of Xu et al. (2020). Moreover, the very low TS content of cattle 
manure could underestimate the quantities of AMR genes when esti-
mated on a wet basis compared to solid poultry litter, which has three 
times less moisture (Table 1). Consistent with these results and knowing 
that the soil microbial community may shift in response to manure in-
puts, Yang et al. (2020) found that soils receiving long-term cattle 
manure deposition yielded greater ermB, sulI, and intlI gene abundances 
relative to soils receiving poultry litter. Therefore, using cattle manure 
for pastureland fertilization may pose a greater risk for AMR dissemi-
nation to the environment than poultry litter. 
Antimicrobial resistance has existed prior to the advent of antibi-
otics (Aminov, 2009; Brinkac et al., 2017; Wright, 2007). However, the 
fecal resistome in cattle manure and poultry litter depends largely on 
the feed (Liu et al., 2019) and the rate and type of antimicrobials 
provided to the animals for both therapeutic and non-therapeutic 
purposes (Barton, 2014; Hughes and Heritage, 2004; Wegener, 
2003). Moreover, the quantity of AMR genes released to the environ-
ment during application of feces is affected by post-handling and/or 
management activities. In this study, the bedding that constituted the 
poultry litter may have increased TS content and suppressed AMR 
bacteria and genes. This is evidenced by the negative and significant 
correlation between TS and abundance of bacterial community (Fig. 5). 
In the USA, air drying is practiced to reduce pathogens in municipal 
wastewater and Burch et al. (2013) demonstrated reductions of AMR 
genes in wastewater with this air-drying approach, although sul1 and 
intI1 were not affected. In the current study, the greater gene copies in 
poultry litter in 2019 samples also depicts that the in-house piling may 
not be useful at reducing sulfonamide resistant genes, implying not all 
AMR genes respond to such treatment. The overall results indicate that 
increasing TS or aerating manure may be useful to reduce abundance of 
bacterial community and the chance of release of zoonotic bacteria 
associated with fresh manure use. 
6. Conclusions 
Fresh cattle manure deposition during grazing may increase agro-
nomic productivity, as well as alter soil microbial structure and may be a 
source of AMR genes entering soils. In contrast, poultry litter applica-
tions have greater advantages not only in terms of nutrient supply, but 
also environmental risks associated with disseminating AMR genes to 
the environment based on the operations evaluated. The strong link 
between bacterial diversity and physiochemical properties of both cattle 
manure and poultry litter adds novel insights into the field of animal 
manure management. A reduced C/N ratio and increased TS may be 
drivers for low bacterial alpha diversity and AMR gene abundance. 
Further work is needed to formally annotate antibiotic use and subse-
quent AMR gene presence in various manure sources, as well as the 
potential for alternatives to antibiotics and manure composting to 
minimize the spread and dissemination of AMR genes to soil and water 
bodies. 
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